INTRODUCTION
The aim of root canal filling is to prevent reinfection of the canal by providing adequate seal against ingress of bacteria and their toxins 1) . Gutta-percha (GP) is used in combination with root sealers to achieve this objective 2) . Sealers seal off voids, patent accessory canals and multiple foramina, form a bond between GP and root canal dentin, and entomb the remaining bacteria 3) . Therefore, sealers play an essential role in the success of root canal treatments 4) . The efficacy of root sealers is enhanced by minimizing the amount of sealer used and ensuring good adaptation and penetration of the sealer into root dentin 5, 6) . The increased efficacy of root sealers stems from an increase in contact surface area between dentin and the sealer, thereby increasing antibacterial action at sealer-dentin interface 6, 7) . However, sealer thickness 8) and adaptation to root dentin 9) is largely a function of the sealer's physical and chemical properties.
Sealers can be categorized based on their main components: zinc oxide-eugenol, calcium hydroxide, glass ionomer, silicone, resin, or bioceramic-based root canal sealers. Bioceramics are materials specifically designed for medical and dental applications. Bioceramic materials include alumina, zirconia, bioactive glass, glass ceramics, hydroxyapatite, and calcium phosphates 10) . Dentin interacts with bioceramic-based root sealers, especially calcium silicate-based root sealers, via the chemical uptake of calcium and silicon in the presence of a phosphate buffer solution 11) . This interfacial interaction, known as "mineral infiltration zone", is triggered by the alkaline caustic effects of the sealer's by-products and involves the penetration of sealer minerals (carbonate, calcium, and silica) into intertubular dentin after the denaturation of collagen fibers 12) . Sankin Apatite (Sankin-kogyo, Tokyo, Japan) is a bioceramic sealer. Its powder component comprises alpha-tricalcium phosphate and hydroxyapatite, and its liquid component contains polyacrylic acid which exhibits some degree of cytotoxicity 13) . Its sealing ability was comparable to Grossman sealer 14) but lower than that of AH Plus 15) . 16) . MTA Fillapex is considered a combined bioceramic resin sealer due to the addition of salicylate resin 17) . Both EndoSequence BC and MTA Fillapex exhibit good physical properties 17, 18) . The sealing ability of iRoot SP was comparable to AH Plus ® 19) , whereas MTA Fillapex exhibited higher leakage than AH Plus 20) . Both sealers bonded strongly to root dentin 21) . However, there is a paucity of information regarding the thickness and interfacial adaptation to root dentin of these sealers. Therefore, this study aimed to evaluate the thickness and interfacial adaptation of three bioceramic-based sealers in comparison with the epoxy resin-based AH Plus sealer.
MATERIALS AND METHODS

Specimen preparation
Sixty extracted human single-root premolars were selected after being radiographed buccolingually and mesiodistally. Inclusion criteria were as follows: single straight root canal, completely formed apex with patent foramina, no obstruction within canal system, and no evidence of internal and/or external resorption. Selected teeth were decoronated at 16 mm from the apex to standardize the length of all specimens. After pulp extirpation, size 10 K-file (Dentsply Maillefer) was introduced into the canal until it was visible at the apical foramen. True working length was established by subtracting 1.0 mm from this measurement. Root canal preparation was carried out using a modified step-down technique 22) . Coronal two-third was flared using Gates-Glidden drills sizes 4, 3, and 2 (Dentsply Maillefer). Apical third was prepared using K-files up to master apical file size 35, followed by stepback in 1-mm increments up to file size 60. Canals were irrigated between each file change with 3 mL of 5.25% NaOCl (Clorox (M) Industries, Malaysia). Final irrigation was done using 5 mL of 17% EDTA (SmearClear™, SybronEndo, Orange, CA, USA) for 3 min to eliminate the smear layer, followed by irrigation with 5 mL of distilled water and drying with paper points (Dentsply Maillefer).
Obturation
Specimens were randomly divided into four groups according to the type of sealer used (Table 1) . Roots were obturated using cold lateral compaction technique. A size 35 GP master cone (ISO color coded, Dentsply Maillefer) was placed in each canal with tug-back at the working length. All sealers were prepared according to their manufacturers' instructions. Each sealer was labeled using 0.1% Rhodamine B dye (SigmaAldrich, St. Louis, MO, USA) 23) . A dye-sealer mixture (approximately 0.05 mL) was applied along the entire length of each canal using paper points. GP master cone was lightly coated with sealer and inserted into the canal. Root canals were filled with fine-sized accessory gutta-percha points (Dentsply Maillefer) laterally compacted with a fine-sized finger spreader (Dentsply Maillefer) inserted 2 mm short of the working length. Compaction continued until the spreader could not be inserted more than 2 mm into the canal.
GP cones were seared off at canal orifice. Radiographs were taken at buccal and mesial aspects to assess the quality of root canal filling. Filling was considered satisfactory if it appeared to be dense without voids and extended within 1 mm from the root end. Access was restored with IRM (Dentsply International, Caulk, Milford, DE, USA). All specimens were kept in an incubator at 37°C in 100% humidity for 10 days to allow sealers to set. Each root was mounted using an epoxy resin (Mirapox, Miracon, Malaysia) and sectioned transversely at 1 mm (apical), 3 mm (middle), and 6 mm (coronal) from the terminus of the filling using a low-speed saw (Micracut 125 Low Speed Precision Cutter, Metkon) with copious coolant irrigation.
Stereomicroscope analysis
Any GP smear found on each sectioned surface was removed using a carbon steel surgical scalpel blade (No. 15, Braun, Aesculap, Germany) with shaving movement. Specimens were mounted on glass slides, and only the coronal facing surface was examined. Each section was examined under a stereomicroscope (SZX7, Olympus, Japan) at ×50 magnification, and the image was captured and transferred to an image analysis software (Cell^D, version 2.4.112-240608, Olympus). Area of the entire root canal and that of sealer were outlined and measured. Sealer thickness was calculated as the percentage of sealer occupying the cross-section.
Confocal laser analysis
For further evaluation, each cross-section was examined under confocal laser scanning microscopy (CLSM, LAS TCS SP5 II, Leica, Mannheim, Germany). Images at ×100 magnification were recorded using the fluorescent mode with laser emission wavelengths at 546-674 nm and excitation at 543 nm. Sealer-dentin interfaces were evaluated, and interfacial integrity was determined by calculating the percentage of gap-containing region to the circumference of whole root canal section. Fig. 2 . There were highly significant differences among the three levels of root canal: F(1.8, 101.75)=11.17. Bonferroni pairwise comparisons showed that the coronal level had significantly lower gapcontaining region than the apical (p<0.001) and middle levels (p=0.022). However, no significant differences were observed between the apical and middle levels. Comparison among the different types of sealers revealed statistically significant differences: F(3, 56)=17.83. Bonferroni multiple comparison test showed significant differences between the bioceramic sealers and AH Plus. However, there were no significant differences among the bioceramic sealers. Figure 3 shows the gap-containing regions of all sealers.
Statistical analysis
DISCUSSION
EndoSequence BC is chemically similar to MTA Fillapex, with the exception that EndoSequence BC also contains calcium phosphate. Therefore, MTA Fillapex was used in this study as an MTA-based sealer, while Sankin Apatite III served as the calcium phosphate-based sealer. The aim was to evaluate the effects of different components from within the same bioceramic category on thickness and adaptation of sealers to root dentin. Epoxy resin-based AH Plus was used as the control as it has been considered the benchmark root sealer against which most other sealers were compared.
Sealer thickness is one of the variables evaluated in this study because of the tendency of sealers to shrink and dissolve over time. Low sealer thickness is preferred over high thickness as low thickness enhances the longterm sealing ability of root filling materials 8) . De-Deus et al. evaluated the sealing ability of Pulp Canal Sealer™, EndoREZ ® , Sealapex™, and AH Plus at two different thicknesses using a microbial leakage test 24) . They reported that the sealing ability of a sealer was inversely proportional to its thickness 24) . However, this finding was not applicable to AH Plus, and this was due to increased antibacterial activity and reduced volumetric shrinkage associated with high thickness for AH Plus 24) . In this study, EndoSequence BC sealer had significantly higher thickness than AH Plus and MTA Fillapex. The high thickness of EndoSequence BC sealer might be a result of its high calcium silicate content which does not shrink during setting and which hardens in the presence of water 19) . MTA Fillapex produced a significantly lower thickness than EndoSequence BC, and this could be attributed to the differences in their compositions. EndoSequence BC was a bioceramic-based sealer and MTA Fillapex a combined resin-bioceramic sealer 17) . Like AH Plus, the higher thickness of EndoSequence BC positively affected its sealing ability. It was previously reported that a hermetic seal was formed inside the root canal when single cone technique was used with EndoSequence BC 19) . Different methods have been used to assess sealer thickness: grid system 8) , linear measurement to the area with higher film thickness 25) , and quantification of area percentage occupied by sealer 26) . In the current study, percentage of area occupied by sealer was used as it is reliable and applicable.
Adhesion of root canal sealer to root dentin is a basic requirement of any root filling material 27) . Degree of adhesion depends on a multitude of interacting factors, including the adherent's (dentin) intermolecular surface energy and cleanliness, and the adhesive's (sealer) surface tension and wetting ability 28) . Clinically, the critical root filling area that is susceptible to bacterial leakage is located at the sealer-dentin interface 29) . In this study, more gaps were observed at the apical level of all sealer types than at the coronal level. This observation was consistent with those of other studies 30, 31) . The discrepancy between the apical and coronal levels might be accounted for by the lower density and diameter of dentinal tubules found at the apical level, resulting in lower sealer penetration 32) . Moreover, difficulty in removing the smear layer at the apical third might act as a physical barrier which interfered with sealer adaptation to root canal dentin 33) . Higher gap percentage at the middle level could be attributed to the difficulty posed by the oval shape of premolar root canals. Published literature had indicated that this area could prove challenging during preparation and subsequent filling, especially with cold lateral compaction 4) . AH Plus sealer exhibited the least number of gapcontaining regions, a finding consistent with previous studies 34, 35) . The superior adaptation of AH Plus could be due to its ability to bond to root dentin chemically by reacting with any exposed amino groups in collagen to form covalent bonds between the epoxy resin and collagen 28) . Unlike alkaline bioceramic-based sealers 36) , AH Plus is slightly acidic and might result in selfetching when in contact with dentin, thereby enhancing interfacial bonding and adaptation 37) . Furthermore, the alkaline nature of many bioceramic by-products has been reported to denature dentinal collagen fibers, which then facilitated the penetration of sealers into the dentinal tubules 12) . However, we observed the presence of gaps despite sealer penetration into the dentinal tubules (Fig. 3) . A similar phenomenon was reported for self-adhesive sealers due to polymerization shrinkage during setting 34) . MTA Fillapex and Sankin Apatite III contain polymers susceptible to polymerization shrinkage. Moreover, despite the manufacturer of EndoSequence BC claiming that the product contains no polymers, independent researchers had identified the presence of carbon polymer which had not been previously reported by the manufacturer 36) . EDTA (17%) was used as an irrigant in this study, as it had been demonstrated to decrease the wetting ability of dentinal walls 37) , thereby producing an environment suitable for the adhesion of hydrophobic materials such as AH Plus. Therefore, the hydrophobicity of AH Plus sealer facilitated the permeation of resin into the open dentinal tubules and created efficient micro-retention 38) . However, the decreased wetting ability of the dentin surface prohibited the adhesion of any hydrophilic materials 39) . Bioceramic-based sealers are hydrophilic by nature, such that their setting and adhesion abilities were a function of the humidity of the root canal 40) . In the current study, although distilled water was used for the final irrigation, it might have been insufficient to completely flush away EDTA and increase the wetting ability of dentin.
Sankin Apatite III showed a higher number of gaps compared with AH Plus. Similar findings have been reported in the literature 15) . Yang et al. reported that Sankin Apatite III failed to penetrate nearly all the dentinal tubules and was readily detached from the dentin surface 15) . Interfacial gaps are clinically problematic as they could result in bacterial leakage and subsequent root canal reinfection. However, the antibacterial properties of EndoSequence BC and MTA Fillapex 41, 42) might be able to compensate for their reduced adaptation by eradicating the infection that invades the canal through microleakage 43) . Sankin Apatite type I, however, does not have any antibacterial properties on its own 44) . With the addition of 5% iodoform, Sankin Apatite Type III might exert some antibacterial activity. Further investigation is necessary to evaluate the antibacterial properties of both Sankin Apatite types II and III.
Another plausible explanation for the observed high thickness and presence of interfacial gaps concerns the cold lateral compaction technique used. Lateral compaction technique was used in the current study because it is the most commonly taught and practiced technique. It also has advantages of controlled placement of root filling cores into the root canal, greater patient comfort 45) , and successful employment by large numbers of dentists and students 46) . The use of lateral compaction technique has been reported to produce high sealer thickness and more voids 8) . It has also been shown to produce non-homogeneous sealer layers along the entire root canal wall 47, 48) , subsequently influencing the percentage of sealer penetration into root canal dentin 23) . An alternative obturation technique could have led to different results.
CONCLUSION
Within the limitations of this study, bioceramic-based sealers exhibited more gap-containing regions when compared with AH Plus, and EndoSequence BC sealer produced the highest sealer thickness.
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